Preheating of metals in induction crucible furnaces is often a long-term process characterized by a big energy consumption. Numerical simulation could be an useful tool for optimization of the process. The electromagnetic field distribution, time evolution of temperature field, velocity distribution and shape of free surface in a crucible of given geometry are affected by various parameters of the system. Quite reasonable results are obtained by means of simple two-dimensional numerical model validated by the experiments.
Introduction
Electromagnetic influence on liquid metal causes its movement due to Lorentz forces generated by electromagnetic induction. This idea could be applied in various metallurgical processes of liquid metals like: continual transportation, feeding, purification, stirring. For small distances electromagnetic kind of transportation realized by different types of magnetohydrodynamic pumps may replace classical ways of transportation. Electromagnetic feeders are more frequently applied mainly for aluminium or its alloys. Use of electromagnetic devices for purification (for instance for removal of non-metallic inclusions) was still applied rarely. One example of such an application was a reduction of oxides in aluminum during transportation in electromagnetic channel [1] . Induction stirring of liquid metals represents an advanced technology aiming at the improvement of their resultant structure and physical properties. We have at least three reasons for its application: degasification of melt, uniform distribution of all ingredients within the melt, its better nucleation. Liquid metals often contain certain amount of gases, for instance hydrogen, whose presence in the final product, is undesirable. During their processing in classical furnaces a part of gas bubbles gets out of the melt because of internal pressure in it. But due to viscosity a part of bubbles remains in its structure. And consequent induction stirring provided for instance in induction crucible furnaces may contribute to their removal. Until recently, the technology was used for amounts of metal not exceeding several tons placed in ceramic or special crucibles. Manufacturers search for possibilities that would allow processing much higher amounts of metal.
Mathematical Modelling
Let us consider a continuous axi-symmetrical, two dimensional mathematical model of the induction stirring process taking place in a ceramic crucible of the induction furnace. The model corresponds to the real induction crucible furnace installed in the aluminium plant located in the southern Poland. The definition area for the case and its corresponding algorithm are presented in Fig. 1 and Fig. 2 respectively.
The coupled electromagnetic-temperature-flow fields were analyzed. Magnetic field produced by a periodical current has to be calculated as an open boundary task. The artificial boundary ABCD (see Fig.1 ) was taken in a sufficient distance from the inductor-work-piece system. Hysteressis losses were neglected, so the equation providing distribution of the magnetic vector potential A reads
where denotes the magnetic permeability,  the electric conductivity, v -velocity of liquid metal and Jz -the current density in the inductor.  The equation (1) has to be supplemented with appropriate boundary conditions following from the arrangement. For the artificial external boundary (line ABCD) the Dirichlet condition in the form A = 0 was applied. For the axis DA of the arrangement the same boundary condition is applied due to anti-symmetry of field currents. The second and third terms on the left-hand side of (1) represent the current density generated in a conductive part of the arrangement: The first term on the right-hand side of (2) represents eddy current density Jind induced by time-dependent electromagnetic field. The second term represents current density Jv caused by the liquid metal movement. For the analyzed arrangement due to small average velocity the second term of (2) could be neglected [2] . Considering any point of the liquid metal subregion, the volumetric power density and the volumetric Lorentz force may be calculated as
If the system could be considered as linear (assumption of the constant relative magnetic permeability of ferromagnetic material), the equation for electromagnetic field can be analyzed as quasi-stationary one. Equation (1) could be transformed into the Helmholtz form for the complex amplitude of the magnetic vector potential A as well as the relations (3) transform into the form of (5)
where j denotes the imaginary unit and  the angular frequency
For the analyzed 2D axi-symmetric arrangement the magnetic vector potential and the eddy current density have only one component in the circumferential direction. Vectors of the magnetic flux density B and volumetric density of Lorentz force fL have two components in radial and horizontal directions.
The magnetic vector potential is harmonic, so we can write
where Ar, z) and r ,z) denote the amplitude and the phase shift respectively.
The mean value of the volumetric Lorentz forces were as follow: 
The shape of the free surface may be determined from the balance equation of the surface tension, electromagnetic gravitational forces and surface tension:
where g denote gravity acceleration, denotes surface tension, R the curvature radius, V the constant value calculated from the total volume of the melt. The equation describing the temperature distribution was given by:
where denotesthe thermal conductivity, densitycp -specific heat.
The third kind boundary condition for heat transfer between free surface of the melt and surroundings [3] (inert atmosphere volume for convection and internal plane of lid for radiation) was as follow:
where c -convection heat transfer, Tac -temperature of inert atmosphere,
 -generalized view factor, Tar -temperature of internal surface of the lid.
The flow field was analyzed common with the pressure field. Due to fact that the Reynolds number was sufficiently low a linear case could be considered. The set of the Navier-Stokes and continuity equations taking into account any kind of turbulence model for instance k- was applied [4] .
where p -pressure, ηd -dynamic viscosity The boundary conditions for flow fields strongly depend on the particular arrangement. Typically the normal and tangent components of the velocity were supposed to vanish along the ceramic walls. The pressure at the free surface was equal to the known pressure of the inert atmosphere.
Illustrative Example
As the illustrative example the induction crucible furnace for melting and preheating of AlSi alloy was considered. Ceramic crucible of shape shown in Fig. 1 was analyzed as perfectlyaxi-symmetric which means the cylindrical shape of the melt cross section. Basic dimensions and parameters of the system were as follow: Results of computations were presented in Fig. 3 -6 . At the first figure (Fig.3) a distribution of volumetric density of Lorentz force was presented. It was strongly non-uniform. Big values of the force was noticed near the ceramic wall only. A shape of the free surface was determined (Fig.4) and compared with measurements provided at the industrial stand (Fig.5) .
A convex meniscus dependent on voltage was observed (Fig.4) . Computations are compared with measurements realized at the industrial stand and quite reasonable accuracy was achieved (Fig.5) .
Average and maximal values of velocity and Lorentz forces were collected in Tab. 1. 
where index c means calculations and index m means measurements respectively. The inaccuracy was smaller than 1.2% in the central part of the melt for radius r < 0.45 m, however if r > 0.45 m the inaccuracy starts to increase. Near the wall of the crucible it reached value of about several percent mainly because of a low quality of the surface (presence of slag containing oxides and other chemical compositions) and consequent difficulties with application of the proposed laser method for the measurements.
Summary
The paper presents modelling of induction stirring phenomenon in the induction crucible furnace for preheating of liquid aluminium alloys. 3D numerical model was based upon FEMbased professional software making possible to calculate the distribution of electromagnetic field, time evolution of temperature, velocity distribution and shape of free surface.
Computations were compared with measurements of the meniscus shape provided at the industrial stand. Quite reasonable accuracy between computations and measurements was achieved in the central part of the melt only. Lower accuracy near borders of the melt was connected with some weaknesses of the measurement method.
